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ABSTRACT
We study the dependence of the galaxy size evolution on morphology, stellar mass
and large scale environment for a sample of 298 group and 384 field quiescent early-
type galaxies from the COSMOS survey, selected from z ∼ 1 to the present, and with
masses log(M/M⊙) > 10.5.
From a detailed morphological analysis we infer that ∼ 80% of passive galaxies
with mass log(M/M⊙) > 10.5 have an early-type morphology and that this fraction
does not evolve over the last 6 Gyr. However the relative abundance of lenticular and
elliptical galaxies depends on stellar mass. Elliptical galaxies dominate only at the
very high mass end – log(M/M⊙) > 11 – while S0 galaxies dominate at lower stellar
masses – 10.5 < log(M/M⊙) < 11.
The galaxy size growth depends on galaxy mass range and early–type galaxy
morphology, e.g., elliptical galaxies evolve differently than lenticular galaxies. At the
low mass end – 10.5 < Log(M/M⊙) < 11, ellipticals do not show strong size growth
from z ∼ 1 to the present (10% to 30% depending on the morphological classification).
On the other end, massive ellipticals – log(M/M⊙) > 11.2 – approximately doubled
their size. Interestingly, lenticular galaxies display different behavior: they appear more
compact on average and they do show a size growth of ∼ 60% since z = 1 independent
of stellar mass range.
We compare our results with state-of-the art semi-analytic models. While major
and minor mergers can account for most of the galaxy size growth, we find that with
present data and the theoretical uncertainties in the modeling we cannot state clear
evidence favoring either merger or mass loss via quasar and/or stellar winds as the
primary mechanism driving the evolution.
The galaxy mass-size relation and size growth do not depend on environment in
the halo mass range explored in this work (field to group mass log(Mh/M⊙) < 14),
i.e., group and field galaxies follow the same trends. At low redshift, where we examine
both SDSS and COSMOS groups, this result is at variance with predictions from some
current hierarchical models that show a clear dependence of size growth on halo mass
for massive ellipticals ( log(M∗/M⊙) > 11.2). In future work we will analyze in detail
if this result is specific of the observations and model used in this work.
BCG and satellite galaxies lie on the same mass-size relation, at variance with
predictions from hierarchical models, which predict that BCGs should have larger
sizes than satellites because they experience more mergers in groups over the halo
mass range probed.
Key words: galaxies: evolution, galaxies: elliptical and lenticular, cD, galaxies:
groups
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1 INTRODUCTION
The fact that massive quiescent galaxies experienced a
strong size evolution in the last 10 Gyrs is now a com-
monly accepted picture since first works on this topic
were published (Daddi et al. 2005; Trujillo et al. 2006).
Many independent groups using different datasets and
selections have come up with similar conclusions, i.e.
massive galaxies roughly doubled their size from z ∼
1 and probably increased it by 3 ∼ 5 from z ∼
2 (e.g. van der Wel et al. 2008; van Dokkum et al. 2008;
Buitrago et al. 2008; Damjanov et al. 2011; Cimatti et al.
2012) even though there might be a population with larger
sizes already in place at high redshift (e.g Mancini et al.
2010; Saracco et al. 2011) As several works pointed out
since the first publications came out, the result could be
biased by a wrong estimate of stellar masses (which is usu-
ally done through SED fitting, e.g. Raichoor et al. 2011)
and/or an under-estimate of galaxy sizes at very high red-
shifts since surface brightness dimming could cause the loss
of the very outer parts of galaxies (e.g. Bezanson et al. 2009;
Hopkins et al. 2009). Independent measurements based on
dynamical masses have however confirmed the compact-
ness of several objects (e.g. Martinez-Manso et al. 2011;
van de Sande et al. 2011; Newman et al. 2012) and it now
seems clear that there is indeed a population of compact
objects at high redshift. Some works also pointed out that
we cannot exclude that the current galaxy selections might
be biased and we are missing those compact objects in the
nearby universe, or selecting the most compact objects at
high redshift (Valentinuzzi et al. 2010). This would be at
variance with the work of Trujillo et al. (2009) that showed
that there is not a strong evidence for a significant fraction
of compact objects in the local Universe.
From the theoretical point of view, two main mecha-
nisms have been proposed to increase galaxy size. Fan et al.
(2008) proposed AGN and supernovae feedback as the main
responsible of galaxy expansion while Hopkins et al. (2006)
and Naab et al. (2009) argued that minor dry mergers are
the most efficient way to grow sizes since they affect the
outer parts of the galaxy without significantly modifying the
stellar mass nor the star formation (see also Shankar et al.
2011).
Several recent observational works have tried to dis-
entangle the two scenarios. As a result, minor dry merg-
ing seems to emerge as the most plausible explanation for
the size evolution (e.g. Trujillo et al. 2011) at least from
z ∼ 1, leading to an inside-out growth of galaxies (e.g.
Tiret et al. 2011; Patel et al. 2012) even though there is
still some debate. Newman et al. (2012) showed by care-
fully counting small companions in very deep images from
the CANDELS survey (Grogin et al. 2011; Koekemoer et al.
2011) that minor mergers are roughly enough to account
for the size evolution from z ∼ 1 (provided that a short
merger timescale is assumed) and a combination of mi-
nor merging and star formation quenching can explain the
galaxy growth from z ∼ 2. Using morphological merging
indicators, Bluck et al. (2011) reached a similar conclusion
and even argue that the problem is close to be solved (see
also McLure et al. (2012) for similar considerations). On the
other hand, Lo´pez-Sanjuan et al. (2011, 2012) point out that
for galaxies with masses log(M/M⊙) > 11 minor mergers are
not the only process responsible for size growth since z ∼ 1.
These authors propose a scenario for which minor and major
mergers contribute to ∼ 55%, while the remaining ∼ 45%
to ∼ 25% is due to other processes and specially to younger
galaxies (hence larger) arriving at later epochs (progenitor
bias).
When measuring the galaxy mass–size relation and
mass growth, different works use different sample selections
though and this might lead to different conclusions. It is very
rare in fact to find two works dealing with size evolution
which apply the same criteria to select their galaxy sam-
ple and the same methodology to analyze the data. Some
are based on star-formation only (Papovich et al. 2012)
others on morphology (Raichoor et al. 2012; Cooper et al.
2011b) or on a combination of both (e.g. van der Wel et al.
2008; Damjanov et al. 2011). Finally, many works combine
a stellar mass selection with a quiescence criterion (e.g.
van Dokkum et al. 2008; Newman et al. 2012) and generally
the mass cuts are not always the same. See Damjanov et al.
(2011) and Cimatti et al. (2012) for two different compila-
tions of recent results. These different selections are based
on the general idea that almost all massive galaxies are pas-
sive and have an early-type morphology, which is not always
true as shown in recent works (e.g. van Dokkum et al. 2011;
Trujillo et al. 2012)
Another recent point of discussion in the literature
is the role of environment. Recent observational studies
show controversial results. Raichoor et al. (2012) studied
the mass size relation for morphologically selected early-
type galaxies at z ∼ 1.2 in three different environments
(field, cluster, groups) and find that, on average, for masses
10 < log(M/M⊙) < 11.5 cluster galaxies appear to be
smaller at fixed stellar mass than field galaxies. Interest-
ingly, in the same stellar mass range but at lower redshift,
Cooper et al. (2011b) find exactly the opposite trend using
DEEP3 (Cooper et al. 2011a). Larger sizes in the cluster en-
vironment are also observed at z = 1.62 by Papovich et al.
(2012) with CANDELS data for passive galaxies with stel-
lar masses larger than log(M/M⊙) ∼ 10.5. However, other
two works (Maltby et al. 2010; Rettura et al. 2010) do not
find any trend with environment at z < 0.4 and z ∼ 1.2 re-
spectively. The differences between these works are somehow
puzzling but might come from the different sample selections
(e.g.: based on color or Se´rsic index vs visual morphology
classification) and/or the way environment is measured (lo-
cal vs. global) and/or low statistics (high redshift results
indeed rely on some tens of galaxies).
We will address here these questions by carefully se-
lecting a statistically significant sample of galaxies from the
recently published COSMOS X-ray detected group galaxy
sample (George et al. 2011; Finoguenov et al. 2007) as com-
pared to the field. Within this sample we will dissect the
properties of passive galaxies and look at the effects on the
size growth of the galaxies with different morphology in dif-
ferent environments.
The paper is organized as follows: in section 2 we de-
scribe the datasets used in this work and the derived quanti-
ties (morphologies, sizes and stellar masses) and in sections 3
and 4 we present and discuss our main results. Through-
out the paper we consider a standard ΛCDM cosmology
(ΩM = 0.3, ΩΛ = 0.7).
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2 DATA AND ANALYSIS
2.1 Datasets
We use two samples of galaxies from the COSMOS survey
belonging to two different environments: groups and field.
The group sample is composed of groups in the COS-
MOS field that have been detected as extended X-ray emit-
ters (Finoguenov et al. 2007), which is a strong signature
of virialized structures, and have several spectroscopic con-
firmed members. The full sample contains groups with halo
masses from M200C/M⊙ ∼ 10
13 to ∼ 1014 as measured by
weak-lensing (Leauthaud et al. 2010) and spans the redshift
range 0.2 < z < 1.0. Group members have been selected
based on photometric redshifts (and spectroscopic redshifts
when available) derived from the extensive COSMOS multi-
wavelength imaging (Ilbert et al. 2009). For this work, we
use two group samples, for which details on the galaxy se-
lection can be found in George et al. (2011) who carried out
a careful analysis of potential biases and contaminations.
(i) We call the first sample central which includes only
galaxies within 0.5R200C and a probability of being a group
member greater than 0.5. We expect then a contamination of
∼ 15% , and a completeness of ∼ 90% (George et al. 2011).
(ii) The second larger sample includes galaxies within
within R200C and is mainly used to increase statistics,
using always the central sample to control contamination
effects if environment is discussed. For the larger selec-
tion the contamination is ∼ 30% and the completeness
∼ 90% (George et al. 2011).
To both samples, we apply a magnitude cut I814(AB) < 24
mag required for size estimates and morphology classifica-
tion as explained in sections 2.2 and 2.3.
Field galaxies are selected in the COSMOS field in the
same redshift range as group members and with the same
magnitude cut but making sure that they do not belong
to any detected group (e.g. with GROUPID = −1 in the
George et al. (2011) group catalog). We assume that these
galaxies lie in a dark matter halo of mass M200C/M⊙ <
1013.2, otherwise they should have been detected as groups
members – see Fig 1 from George et al. (2011). The field
sample contains 3760 galaxies.
2.2 Sizes and masses
Sizes of all galaxies have been estimated on the COSMOS
HST/ACS F814W images (Mosaic v2.0, Koekemoer et al.
2007) using galapagos (Barden et al. 2012) which is an
IDL based pipeline to run Sextractor (Bertin & Arnouts
1996) and Galfit (Peng et al. 2002) together. We basically
fit every galaxy in the field and in the group sample with
a 2D Se´rsic profile (Sersic 1968) using the default galapa-
gos parameters as described and tested in Ha¨ussler et al.
(2007). Our number of failures (i.e. fits that do not con-
verge) is less than 5%. The point spread function (PSF)
used for the fitting is taken from Rhodes et al. (2007) who
computed spatially-varying model PSFs for the COSMOS
survey taking into account variations in the effective HST
focus positions. For this work we used a single PSF (esti-
mated at the average focus position for the COSMOS survey
(∆ = −2µm)) for all the galaxies after checking that it does
not introduce significant biases (see below).
The reliability of our size estimates is estimated by
placing mock galaxies (1 < n < 8, 0.1” < re < 1.5
”,
17 < I < 24 mag) in a real background. In our simula-
tions we also explore the possible biases due to local over
densities by dropping the mock galaxies in the same po-
sitions as in real high redshift clusters. We also explore
in the simulations the possible effects of a variable PSF
by using a different PSF for simulating and for fitting.
Both PSFs are taken from the Rhodes et al. (2007) PSFs
models using the tabulation of the positional dependence
of the PSF.We find that our size measurements are un-
biased (| < (re,out − re,in)/re,in > | < 0.1) with a rea-
sonable scatter (
√
V ar[(re,out − re,in)/re,in] < 0.2) up to
I814(AB) < 24 mag, re,in < 1.0 arcsec and µ814W < 24
mag × arcsec−2(Fig. 1 and Delaye et al., in prep). All
galaxies in our sample have surface brightness brighter than
µ814W = 24mag×arcsec
−2 so our size estimates are reliable
according to the simulations.
Since we are using the same wavelength to estimate
sizes up to z ∼ 1, we estimate sizes in different rest-
frames at different redshifts (e.g. from the r-band rest-frame
at z ∼ 0.2 to the B-band rest-frame at z ∼ 1). Recent
work by Damjanov et al. (2011) and Cassata et al. (2011)
shows that sizes in the ultraviolet and optical rest–frame
strongly correlate, with sizes in the UV rest-frame being
only ∼ 10% smaller than those in the optical (see also
Cimatti et al. 2012). Therefore, an additional (small) arti-
ficial size difference could be created when estimating the
evolution between low and high redshift data. However, as
shown in section 3 and in figure 9, the size evolution we mea-
sure in our sample for early-type galaxies is fully consistent
with previous published results, specially with the ones of
Newman et al. (2012) who computed sizes in a unique rest-
frame optical filter. Therefore we do not expect a significant
bias due to this issue.
Throughout the paper we will use circularized effective
radii as primary size estimator, i.e. rcirce = r
fit
e ×
√
b/a.
Stellar masses are computed through spectral en-
ergy distribution (SED) fitting using the Bayesian code
described in Bundy et al. (2006) (KB06) which employs
Bruzual & Charlot (2003) (BC03) models with a Chabrier
IMF, and published in George et al. (2011) catalogs. More
details can be found in section 2.3 of Leauthaud et al.
(2010).
2.3 Morphology
Galaxy morphologies in the group and field samples are also
computed on the HST/ACS F814W images with galSVM,
a code for automated morphological classification based on
support vector machines specially designed for high red-
shift data (Huertas-Company et al. 2008, 2009). The code
requires a visually classified training set which is used
to simulate galaxies at higher redshift. The training set
used in this work is a combination of the Nair & Abraham
(2010) sample of ∼ 14000 galaxies and the EFIGI project
(Baillard et al. 2011) both from the Sloan Digital Sky Sur-
vey DR4. Our final training set therefore contains ∼ 20.000
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Figure 1. Results of simulations to assess the accuracy of our size estimates. Left panels show the difference between the input and
output magnitudes (top left), effective radii (middle left) and Se´rsic index (bottom left) for individual simulated galaxies as a function
of surface brightness. Right panels show the average bias and dispersions for different surface brightness bins.
galaxies.1 We follow the bayesian approach presented in
Huertas-Company et al. (2011) to associate to every galaxy
4 probabilities of being in 4 morphological classes as defined
in the local universe by Nair & Abraham (2010), i.e. ellip-
ticals (E0, E+), lenticulars (S0−, S0, S0+, S0/a), early spi-
rals (Sa, Sab, Sb, Sbc) or late spirals (Sc, Sd, Sdm,Sm, Im):
P (E), P (S0), P (Sab), P (Scd). Errors in probabilities are
computed by bootstrapping, i.e. we repeat the classi-
fication 10 times with randomly selected training sets
from the main sample and keep the average proba-
bility for each galaxy as the final classification (see
Huertas-Company et al. 2011 for more details). We then
select as elliptical and lenticular galaxies the galaxies for
which max(P (E), P (S0), P (Sab), P (Scd)) = P (E) and
max(P (E), P (S0), P (Sab), P (Scd)) = P (S0) respectively.
Early-type galaxies are then defined as the combination of
both populations. With this selection, the completeness for
early-type galaxies is ∼ 95% and the contamination rate is
expected to be less than 7% as stated by detailed compar-
isons with visual morphological classifications at z ∼ 1.3
from (Mei et al. 2009, 2012) in the Lynx super cluster at
z = 1.26. Our classification is therefore very close to a vi-
sual classification. This point is also confirmed by the fact
that the axis ratio distribution of our early-type sample is
very close to the one reported by Buitrago et al. (2011) from
a visually classified sample (see Fig. 2 and their figure 2).
To compare our morphological classification with those
1 An updated and stable version of the code as well
as the training set used for this work are available at
http://gepicom04.obspm.fr/galSVM/Home.html
often used in the literature, we estimated the contamination
that would suffer a selection of early-type galaxies, based
on a simple n > 2.5 cut. We find that such a sample would
be contaminated by approximately 50% of early spirals (see
also Mei et al. 2012). We refer to section 3 for a detailed
analysis of the implications of such a selection.
Separating ellipticals from lenticulars is extremely chal-
lenging even by eye, so our classification is necessarily more
contaminated. Simulations show that we are close to 30%
uncertainties, similar to those observed in other works (e.g.
by visual morphological classifications by Postman et al.
2005). Our visually trained probabilistic approach for galaxy
classification allows us to distinguish galaxies based on a
quantitative separation in the parameter space that corre-
sponds to that usually used to separate S0s and ellipticals in
the local Universe (e.g. by visual classification). Indeed, the
stellar mass and axis ratios distributions of the two popula-
tions shown in Fig. 2 present different behaviors, as stated
by Kuiper tests (P < 0.6), confirming that we are seeing
separate populations and that the classification is not ran-
dom. Ellipticals appear rounder, more massive on average,
with slightly higher Se´rsic indices and larger sizes. In order
to double check our separation between lenticulars and ellip-
ticals we performed two additional tests. First, we took the
visually classified sample of Nair & Abraham (2010) in the
SDSS, cross–correlated it with the Se´rsic decompositions re-
cently published by Simard et al. (2011) and looked at the
same properties we studied for our high redshift sample. Re-
sults are shown in Fig. 3. We do clearly observe the same
trends, i.e. lenticulars are also more elongated and slightly
more compact than ellipticals, even though it is less pro-
nounced than in the high redshift sample. This test confirms
c© 2002 RAS, MNRAS 000, 1–??
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that our E/S0 classification is consistent with the local vi-
sual classification, as expected. As a second step, two of us
(MHC and SM) made visual classifications of our two auto-
matically defined classes. We find that the two classification
of E/S0s agree at ∼ 80% at z < 0.5 and ∼ 70% at z > 0.5
which is fully consistent with the results from simulations
and also with the differences found between independent hu-
man classifiers (e.g. Postman et al. 2005). However, in order
to make sure that our results are not biased because of the
automated method used, we double check our main results
using visual classifications (see appendix A) and comment
in our analysis in subsequent sections whenever there is a
significant difference.
We deduce that the population of elliptical galaxies se-
lected through our method is dominated by pure bulge sys-
tems whereas an important fraction of what we call lentic-
ulars have a disk component (but not observed arms) even
if they are still bulge dominated. We also notice that a sim-
ple Se´rsic based selection of any kind would not allow the
separation between these two populations.
2.4 Completeness
Completeness of our sample is mainly driven by the appar-
ent magnitude cut (I814(AB) < 24 mag) required to prop-
erly estimate morphologies and sizes. Our main results in the
following are shown as a function of stellar mass. Therefore
it is important to understand how this magnitude selection
is translated in terms of stellar mass completeness to esti-
mate how much the results might be affected by selection
effects. Since in this work we focus on passive ETGs (see
section 3.1), all the completeness values are given for that
population.
We used an approach similar to Pozzetti et al. 2010 and
Giodini et al. 2012. For each passive galaxy we compute
its limiting stellar mass (M lim∗ ) which is the stellar mass
it would have if its apparent magnitude was equal to the
limiting magnitude of the survey (I814(AB) = 24 mag in
our case). This value is given by the relation Log(M lim∗ ) =
Log(M∗)− 0.4(I− Ilim) following Pozzetti et al. (2010). We
compute this limiting mass for the 20% faintest galaxies in
each redshift bin and estimate the 95% completeness as the
95th percentile of the resulting distribution. Following this
approach we obtain a 95% completeness for galaxies with
stellar masses greater than log(M∗/M⊙) ∼ 9.56 at z ∼ 0.2
and log(M∗/M⊙) ∼ 10.57 at z ∼ 1 (fig. 4).
We notice that the mass completeness for the COS-
MOS sample has been largely discussed in the literature (e.g.
Tasca et al. 2009, Giodini et al. 2012, Pozzetti et al. 2010,
Meneux et al. 2009) finding similar values.
In order to further check that low surface brightness ob-
jects are not lost, we carried a new set of simulations close to
the ones performed to calibrate the size recovery. We mod-
eled 2000 ETGs (B/T > 0.6) with effective radii varying
from 0.1 to 1.5 arcsec and magnitudes at the faint end of the
survey detection limit (23 < I814 < 26) , dropped them in
real background and computed the detection rate as a func-
tion of magnitude and size (fig 5). Galaxies with I814 < 24
of all sizes (and hence all surface brightness) are all detected
thus confirming that our analysis sample is complete .
Figure 4. Stellar mass as a function of redshift of passive ETGs.
Red filled big circles are M lim∗ and the black line shows the 95%
completeness level. See text and Pozzetti et al. (2010) for more
details.
Figure 5. Completeness of our sample as a function of mag-
nitude and size in arcsec (see text for details). Objects with
F814W < 24 are all detected.
3 RESULTS
3.1 Sample selection
We investigate in this section how the sample selection af-
fects the observed mass-size relation and size evolution of
selected galaxies. We compare first three selections usually
found in other works:
(i) a passive selection. This selection includes all quies-
cent galaxies with log(M/M⊙) > 10.5. The mass cut ensures
that we are selecting a volume limited sample without be-
ing affected by incompleteness (see section 2.4). Throughout
this work, we will select quiescent or passive galaxies based
c© 2002 RAS, MNRAS 000, 1–??
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Figure 2. Stellar mass (top left panel), axis ratio (top right panel), Se´rsic index (bottom left panel) and size distributions (bottom
right panel) of morphologically classified ellipticals (solid line) and S0s (dashed line) with the automated procedure described in the text.
Error bars are Poissonian. S0s and ellipticals have different parameter distributions, which proves that the algorithm indeed separates
two different populations of galaxies and does it in a quantitative and reproducible way.
on the M(NUV)-M(R) dust corrected rest–frame color as
computed by Ilbert et al. (2009) by means of SED fitting.
Ilbert et al. (2009) have shown that a M(NUV )−M(R) >
3.5 selection results in a good separation of passive and star-
forming galaxies. See also Giodini et al. (2012) for a discus-
sion on this selection on the same sample as the one used
for this work.
(ii) a Se´rsic based selection, i.e. we apply a simple n > 2.5
cut as usually done as well as the same stellar mass selection
(log(M/M⊙) > 10.5).
(iii) an ETG selection in which we select all early type
galaxies (ellipticals and lenticulars) with log(M/M⊙) > 10.5
from our morphological classification detailed in section 2.3
independently of the star formation activity.
We show in Figs. 6 to 8 the mass size relations for sam-
ples (i), (ii) and (iii) respectively in different environments
and redshifts and we summarize the best fit parameters com-
puted through a standard chi square minimization in table 1.
Also are shown in the figures, with different symbols the
morphologies of the objects belonging to the given selection
as well as the star formation activity (quiescent or active)
color coded for selection (ii) and (iii). We also show the po-
sition of the brightest group galaxies (BGGs), defined as
the most massive galaxies within an NFW scale radius of
the X-ray position, from the George et al. (2011) catalog.
Notice that some of them are morphologically classified as
early-spirals. This is probably because of the extended halo
usually found in these objects which could be interpreted as
a disk component by the automated algorithms.
Despite the fact that we see some differences between
the different selections, the fit parameters are roughly con-
sistent within 1σ. Since a Se´rsic index based selection con-
tains an important fraction of star-forming galaxies (∼ 50%)
c© 2002 RAS, MNRAS 000, 1–??
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Figure 3. Same plot as figure 2 but for a local sample from the SDSS (Simard et al. 2011). The same trends as for the high redshift
sample are observed.
(a population which presents, on average, higher sizes than
ETGs; e.g. Mei et al. 2012), this population tends to increase
the scatter of the relation.
A similar behavior is observed if we select galaxies just
based on the morphology (ETGs, fig. 8). The scatter of the
relation might be increased by the presence of a star-forming
population of galaxies with early-type morphology. Even if
the number densities of these objects are small in the local
universe (e.g Kannappan et al. 2009) they tend to increase
at high z (e.g Huertas-Company et al. 2010) and might have
a consequence on the size measurements.
We quantify the possible effects of galaxy selection in
Fig. 9 where we plot the mass-normalized radius (Re ×
(1011M⊙/M∗)) evolution for different galaxy selections
(ETG, passive ETGs, n > 2.5, passive galaxies) with
log(M/M⊙) > 10.7 (the mass selection for this figure is
chosen to match the one from Newman et al. 2012). We
observe that surprisingly, the differences between the dif-
ferent selection in terms of size evolution are negligible and
also consistent with recent results (i.e. Cimatti et al. 2012;
Damjanov et al. 2011; Newman et al. 2012). We can con-
clude that these different selections usually found in the lit-
erature lead to similar results.
In this work we have an additional ingredient though,
usually lacking in previous published results which is the
morphological dissection of passive galaxies as explained
in section 2.3. As a matter of fact, the population of
passive galaxies is not a homogeneous population of ob-
jects. We show indeed some example stamps of massive
(log(M/M⊙) > 10.5) passive galaxies with different mor-
phologies in Fig. 10. It is easy to notice by simple visual in-
spection that not all passive galaxies are bulge dominated.
The relative abundance of each morphological type as a
function of stellar mass is quantified in Fig. 11, for all our
passive galaxy sample.
As expected, early-type morphologies dominate the
population of passive galaxies up to z ∼ 1 at all stellar
masses, being about 80% of the total population at all red-
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Figure 6.Mass-size relation of passive galaxies in groups (left column) and field environments (right column). Filled circles are ellipticals,
empty squares are lenticulars and stars are late-type galaxies (including early and late-type spirals). Symbols with a black thick contour
show central group members (r < 0.5R200C and PMEM > 0.5). Diamonds show the position of BGGs. We also show on the bottom
right corner the typical error bars for sizes and stellar masses. The solid line shows the local relation as measured by Bernardi et al.
(2010) and dashed-dotted lines are the best fits to the whole passive population. The distribution in the mass-size plane of the different
morphological types are not the same. A pure star-formation selection does not ensure that we are studying just bulge growth but also
galaxies with a disk component which might follow a different evolutionary path.
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Figure 7.Mass-size relation of n > 2.5 galaxies in groups (left column) and field environments (right column). Filled circles are ellipticals,
empty squares are lenticulars and stars are late-type galaxies (including early and late-type spirals). Symbols with a black thick contour
show central group members (r < 0.5R200C and PMEM > 0.5). Diamonds show the position of BGGs. Blue small /red big symbols show
active/passive galaxies respectively. We also show on the bottom right corner the typical error bars for sizes and stellar masses. The
solid line shows the local relation as measured by Bernardi et al. (2010) and dashed-dotted lines are the best fits to the whole n > 2.5
population. A Se´rsic index based selection contains an important fraction of star-forming galaxies which tend to increase the scatter of
the relation. The effect seems to be more pronounced in the field population so it could yield to observed differences in the evolution of
the mass-size relation with environment
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Figure 8. Mass-size relation of early-type galaxies in groups (left column) and field environments (right column). Filled circles are
ellipticals and empty squares are lenticulars. Symbols with a black thick contour show central group members (r < 0.5R200C and
PMEM > 0.5). Diamonds show the position of BGGs. Blue small/red big symbols show active/passive galaxies respectively. We also
show on the bottom right corner the typical error bars for sizes and stellar masses. The solid line shows the local relation as measured
by Bernardi et al. (2010) and dashed-dotted lines are the best fits to the whole early-type population.
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Figure 9. Mass-normalized radius for our sample for galaxies with masses log(M/M⊙) > 10.7, as a function of redshift for different
selections compared to recent published results. Circles are ETGs, squares passive galaxies, triangles passive ETGs and diamonds n > 2.5
galaxies. Dashed line shows Cimatti et al. (2012) fit, dotted-dashed line is Newman et al. (2012) and dotted line is Damjanov et al.
(2011). Samples selected using the Se´rsic index tend to show larger sizes, because of the contamination from passive spirals, which is
larger in field samples. However, these differences are within 1σ.
Figure 10. Example stamps of passive galaxies of 4 morphological classes. First row: ellipticals, second row: S0s, third row: early-spirals
and last row: late-spirals. Stamp sizes are: 1” × 1”.
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Figure 11. Morphological fractions of passive galaxies as a function of stellar mass and redshift. Red circles: ellipticals, cyan triangles:
S0s, green squares: early-spirals, blue diamonds: late-spirals. The black dashed line shows the fraction of early-type galaxies (ellipticals
and S0s together). The uncertainties are calculated following Gehrels (1986; see Section 3 for binomial statistics; see also Mei et al.
2009). These approximations apply even when ratios of different events are calculated from small numbers, and yield the lower and upper
limits of a binomial distribution within the 84% confidence limit, corresponding to 1σ. Note that using this conservative approach our
uncertainties are slightly overestimated (Cameron et al. 2011).
shifts. The remaining 20% is populated by early-type spirals
while late-type spiral fractions are negligible. At all redshifts
up to z ∼ 1, elliptical galaxies dominate the ETG popula-
tion at masses log(M/M⊙) > 11− 11.2. At z < 0.5, galaxies
with masses log(M/M⊙) < 11 are around half ellipticals
and half lenticular, while lenticulars dominate the low–mass
fractions at z > 0.5. In other words, an important frac-
tion of passive galaxies from z ∼ 1 (if not the majority)
could have a disk component (see also Bundy et al. 2010,
Mei et al. 2012, van der Wel et al. 2011). We also show in
appendix, a version of figure 11 obtained with the two inde-
pendent visual classifications performed in this work. One of
the classifiers (SM) finds visually more Sas than S0s with re-
spect to the automated classification, specially at high red-
shift. However the separation between galaxies with disk
(Sas and S0s) and without disk (ellipticals) is very similar
to what is obtained with the automated classification, ex-
cept that elliptical galaxies are not dominant at the high
mass end in the highest redshift bin, which is also found by
the second classifier (MHC).
Studying the size evolution of passive galaxies all to-
gether (as often done in several works), mixes not only ETGs
with early-spirals (Sa-b), but also ETG different morpholog-
ical populations (e.g. ellipticals and lenticulars) for which
the evolution is not necessarily of the same nature.
Differences in the mass-size relation of ellipticals and
lenticulars are visible in Fig. 6 to 8 and Table 1. S0 galaxies
tend to be not only less massive but also more compact with
respect to ellipticals.
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Redshift Environment Sample a log(b) N
0.2 < z < 0.5 group Pall 0.52 ± 0.03 −5.25± 0.34 128
PEs 0.47 ± 0.04 −4.65± 0.49 65
PS0s 0.49 ± 0.05 −4.91± 0.57 43
n > 2.5 0.52 ± 0.05 −5.21± 0.37 263
ETGs 0.59 ± 0.06 −6.02± 0.66 133
field Pall 0.59 ± 0.09 −5.9± 0.99 59
PEs 0.41 ± 0.04 −4.65± 0.49 30
PS0s 0.49 ± 0.05 −4.91± 0.57 22
n > 2.5 0.41 ± 0.05 −3.98± 0.56 161
ETGs 0.45 ± 0.08 −4.44± 0.92 99
0.5 < z < 0.8 group Pall 0.56 ± 0.04 5.27± 0.45 110
PEs 0.40 ± 0.07 −3.85± 0.8 52
PS0s 0.51 ± 0.06 −5.27± 0.72 46
n > 2.5 0.58 ± 0.05 −5.24± 0.52 176
ETGs 0.58 ± 0.06 −5.97± 0.66 155
field Pall 0.50 ± 0.11 −5.16± 1.27 123
PEs 0.27 ± 0.07 −3.85± 0.8 43
PS0s 0.51 ± 0.06 −5.27± 0.72 54
n > 2.5 0.39 ± 0.04 −3.88± 0.49 250
ETGs 0.48 ± 0.07 −4.85± 0.78 158
0.8 < z < 1.0 group Pall 0.49 ± 0.04 −4.98± 0.41 155
PEs 0.35 ± 0.05 −3.38± 0.60 53
PS0s 0.42 ± 0.05 −4.37± 0.57 73
n > 2.5 0.46 ± 0.04 −4.71± 0.46 209
ETGs 0.47 ± 0.05 −4.81± 0.59 148
field Pall 0.59 ± 0.05 −6.21± 0.52 210
PEs 0.43 ± 0.05 −3.38± 0.60 65
PS0s 0.42 ± 0.05 −4.37± 0.57 99
n > 2.5 0.32 ± 0.03 −3.07± 0.41 394
ETGs 0.56 ± 0.04 −5.86± 0.51 252
Table 1. Power-law fitting parameters to the mass-size relation (re = (
M
M⊙
)a + b) for different galaxy selections and environments. Pall
stands for Passive all (sample (i) from the text), PEs is Passive ellipticals, PS0s means Passive lenticulars, n > 2.5 are galaxies from
a Se´rsic based selection (sample (ii)) and ETGs stands for early-type galaxies independently of star formation (sample (iii)). N is the
number of objects in each bin with log(M∗/M⊙) > 10.5.
.
In the next sections, we will focus on the sample of pas-
sive galaxies (sample (i)) and will quantify these differences
by studying the dependence of the size evolution of passive
galaxies on different morphological types (namely ellipticals
and lenticulars). The final sample contains 404 group (232
within 0.5 × R200C and with PMEM > 0.5) and 459 field
galaxies.
3.2 Size growth of passive galaxies with different
morphologies from z ∼ 1
Throughout this section we normalize sizes using the local
reference derived by Bernardi et al. (2010) on the SDSS
using a clean sample of elliptical galaxies (excluding S0s).
We payed special attention in properly calibrating the
local reference to be as consistent as possible with our
high redshift measurements. We checked for that purpose
that our low redshift (z < 0.3) data are consistent at 1σ
with their local mass-size relation which confirms that
both relations are well calibrated. Sizes in each redshift
bin are computed by fitting a 1-D gaussian function to
the size ratio distributions and keeping the position of
the peak as the adopted value. Results remain however
unchanged if we use instead a classical median or a
three sigma-clipped average. Uncertainties are computed
through bootstrapping, i.e. we repeat the computation of
each value 1000 times removing one element each time and
compute the error as the 1−σ error of all the measurements.
In this section, since we are mainly interested in the
effects of different morphologies, we mix group (larger se-
lection) and field galaxies in a single population to improve
statistics. Both populations will be considered separately in
section 3.3 in which we study the effects of environment in
the mass–size relation.
3.2.1 Ellipticals
In fig. 12, we show the size evolution of ellipticals as com-
pared to lenticulars in two mass bins (10.5 < Log(M/M⊙) <
11 and 11.0 < Log(M/M⊙) < 11.5). The upper limit is cho-
sen because there are almost no S0s with masses greater
then 1011.5 solar masses (see fig. 2) and we want to compare
the evolution of the two morphological types in the same
mass ranges.
Ellipticals in the mass range 11.0 < Log(M/M⊙) < 11.5
experienced a ∼ 40% ± 10% size growth from z ∼ 1 to
present. We find an α value of α = 0.8 ± 0.28 when fit-
ting the evolution with a power-law (re ∝ (1 + z)
−α). How-
ever, the most relevant feature is that, as shown in the left
panel of fig. 12, below ∼ 1011 solar masses, elliptical galax-
ies do not experience a significant size growth, e.g their size
c© 2002 RAS, MNRAS 000, 1–??
14 M. Huertas-Company et al.
does not evolve in a significant way with respect to local
ellipticals from the SDSS (re ∝ (1 + z)
−0.34±0.17) (see also
Raichoor et al. 2012 for similar results at higher redshift).
The mass dependence is even more clear in figure 13 in
which we show in the left column, the observed size evo-
lution for ellipticals in three bins of increasing stellar mass
(10.5 < log(M/M⊙) < 11, 11 < log(M/M⊙) < 11.2 and
11.2 < log(M/M⊙) < 12). The derived α value parameter-
izing the evolution is α = 0.34 ± 0.17, α = 0.63 ± 0.18
and α = 0.98 ± 0.18 from low to high mass, showing a
clear increasing trend with stellar mass. In appendix A, we
show that when using visual morphological classifications
the evolution in the low mass bin is stronger (∼ 30%) mak-
ing the difference between the two first mass bins less pro-
nounced. The trend is still preserved though (see table A1),
specially between the two last bins. One possible source of
error though is that the stellar mass bins used are compara-
ble to the expected error of the stellar mass (i.e. 0.2 dex), so
the different behaviors found can be affected by contamina-
tions of objects with lower/higher stellar masses. We have
run Monte Carlo simulations to check if the trends found are
preserved with typical errors expected on the stellar mass.
For that purpose, we added to every stellar mass a random
shift within 3σ of the expected error in stellar mass and
recomputed the median sizes 1000 times. The values found
are consistent at 1σ level so we do not expect a significant
contribution of this effect in our measurements.
Interestingly, this mass dependence is less pronounced
when studying all ETGs or passive galaxies as a whole (right
column of fig. 13). The best fit relations for this whole sam-
ple are re ∝ (1 + z)
−1.01±0.23 for ETGs with stellar masses
10.5 < Log(M/M⊙) < 11 and re ∝ (1 + z)
−1.21±0.22 and
re ∝ (1 + z)
−1.19±0.18 for 11 < Log(M/M⊙) < 11.2 and
11.2 < Log(M/M⊙) < 12 respectively which are fully con-
sistent within 1σ.
The mass dependence has been discussed in the recent
literature providing different results. Williams et al. (2010)
and Ryan et al. (2012) measured a mass dependence similar
to the one reported here for ellipticals, i.e. with the evolution
being stronger at higher stellar masses, while other works
like Damjanov et al. (2011) suggest the slope of the mass-
size relation is mass independent. We show here that the re-
sults might depend on how the selection is performed. When
selecting pure passive bulges a mass dependent evolution
seems to emerge. As a matter of fact, Williams et al. (2010)
select passive galaxies based on the specific star formation
rate (instead of the red sequence for other works). They
might be removing from their sample more disky galaxies
(also removed from our elliptical sample and not from an
ETG sample) which could explain that we find similar re-
sults. Notice also that for galaxies with log(M∗/M⊙) > 11.2,
the contribution from disky galaxies is almost zero and
therefore selecting ETGs or ellipticals has almost no effect in
the size evolution. The strong size evolution found for these
galaxies is therefore robust to galaxy selections and will be
discussed in detail in section 4.
3.2.2 Lenticulars and early spirals
The bottom panels of Fig. 12 show the size evolution of
lenticular galaxies in two mass bins normalized to the same
local relation. They appear on average more compact than
ellipticals, in a similar way as in the local Universe, as shown
in section 2.3 and confirming the fact already pointed out by
van der Wel et al. (2011) that the most compact galaxies at
high redshift have a disk component (this effect is preserved
even when not circularizing the radii). Since we normalize
with the same local relation as for ellipticals, we also plot,
for reference, the ratio of lenticular sizes over those of the
ellipticals in the SDSS (notice that all fractions are normal-
ized to the local SDSS elliptical sizes).
What is interesting is that the size growth of lentic-
ulars does not seem to depend significantly on stellar mass
given the large uncertainties, contrary to the behavior shown
for the elliptical population: re ∝ (1 + z)
−0.67±0.30 and
re ∝ (1 + z)
−1.02±0.25 for low mass and massive lenticulars,
respectively.
In order to further investigate what is driving the
size increase in these galaxies, we made a simple exer-
cise which is to compare the observed evolution to the
one expected in a star-forming disk dominated popula-
tion. We selected for that purpose, galaxies in our sam-
ple with M(NUV ) − M(R) < 3.5 and a spiral-like mor-
phology (max(P (E), P (S0), P (Sab), P (Scd)) = P (Sab) or
max(P (E), P (S0), P (Sab), P (Scd)) = P (Scd)), computed
the size growth as a function of redshift as we did for the
S0s. Since the overall sizes of late–type galaxies are larger
than ETGs (see also Mei et al. 2012), we divide the overall
relation by a factor of 1.3 so that the values at z = 0 agree
(see fig. 12). We just plot the relation for the low mass end
because there are not enough high mass late-type to derive
a reliable relation at high masses.
Even though the normalization for disks is still slightly
higher, the trends of the size growth for the two populations
are very similar (re ∝ (1 + z)
−0.67±0.30 for lenticulars and
re ∝ (1+ z)
−0.54±0.44 for star forming disks) which suggests
that the size growth of a large part of the early–type galaxies
and that of the late–type galaxies evolve at similar rates.
If we add to the passive S0 population, also passive early-
spirals (max(P (E), P (S0), P (Sab), P (Scd)) = P (Sab) and
M(NUV )−M(R) > 3.5) the trend is preserved.
3.3 Environment
We now study the effect of environment on the mass–size
relation of galaxies paying special attention to the uncer-
tainties due to the galaxy sample selection.
Figure 14 shows the evolution of mass-normalized radii
γ for log(M∗/M⊙ > 10.7) passive ETGs in groups and in the
field. In the right panel we show only group members with a
probability greater than 0.5 and within 0.5×R200C from the
group center (central selection) to make sure that the signal
is not washed out by interlopers. No significant differences
are observed between the central and the larger sample. Our
main result is therefore that the mass–size relation does not
depend on environment for field and groups with halo masses
M200C/M⊙ < 10
14.22. Fig. 15 also shows the evolution of the
size of field and group passive galaxies divided into the same
morphological and stellar mass bins than in the previous
section. Relations are more scattered because of the Poisson
noise (especially for massive lenticulars) but we do recognize
the same trends as for the mixed population.
A point to take into account when normalizing with the
local relation is the fact that groups and field galaxies in the
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Figure 12. Size evolution of passive elliptical (top) and S0 (bottom) galaxies in two mass bins. Left panel: 10.5 < log(M/M⊙) < 11,
right panel: log(M/M⊙) > 11.2. Dotted-dashed lines are the best fit lines and red dotted line in the bottom left panel is the measured
evolution of star-forming galaxies (see text for details). Numbers indicate the number of objects in each redshift bin. Error bars are the
scatter of the distributions. SDSS points are computed using the catalogs from Nair & Abraham (2010) and Simard et al. (2011).
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Figure 13. Size evolution of elliptical (left column) and early-type passive galaxies (right column) in three mass bins. Top row: 10.5 <
log(M/M⊙) < 11, middle row: 11.0 < log(M/M⊙) > 11.2 and bottom row: 11.2 < log(M/M⊙) > 12. Numbers indicate the number of
objects in each redshift bin. Error bars are the scatter of the distributions.
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local universe could follow different mass-size relations. We
have checked this point by comparing the median mass-size
relation of early-type galaxies in groups from the Yang et al.
(2007) catalog to the full DR7 sample. Yang et al. (2007)
put together a catalog of ∼ 300000 groups detected in the
SDSS DR4 using an automated halo-based group finder.
For this work, we restricted to groups with more than 2
members and removed those objects affected by edge effects
(fedge < 0.6). According to their figure 2, ∼ 80% of the
groups have ∼ 20% contamination which is comparable to
the expected contamination in our sample. We use as halo
mass estimate, HM1, which is based on the characteristic
luminosity of the group but results remain unchanged when
using an halo mass estimate based on the characteristic
stellar mass. The group catalog has been correlated with the
catalog of 2D sersic decompositions by Simard et al. (2011)
to get a size estimate for all our galaxies (circularized effec-
tive radius of the best fit) as well as with the morphological
catalog by Huertas-Company et al. (2011) to select ETGs
(Pearly > 0.8). The mass-size relations that we obtained for
the field and group galaxies are fully consistent within 1σ,
we therefore use the same local relation to normalize group
and field sizes.
In Raichoor et al. (2012), in a sample dominated by
galaxies with 10 < log(M/M⊙) < 11, we have noticed that
while differences in median/average sizes cannot distinguish
early–type populations in different environments, a test on
both the mean and scatter of their distribution can point
out environmental differences.
We extend Kuiper and Kolmogorov Smirnoff tests anal-
ysis to our group and field passive early-type galaxy size
distribution in different mass bins to test environmental de-
pendences on their distribution scatter that might distin-
guish size evolution in the groups and the field. We divide
our sample in 3 redshift bins (0.2 < z < 0.5, 0.5 < z < 0.8
and z > 0.8) and 2 mass bins (10.5 < log(M/M⊙) < 11
and log(M/M⊙) > 11) and performed the tests for the two
group selections.
Results of the analysis are summarized in table 2 and
the different size distributions for several sample selections
are shown in Fig. 16. Same results for the central selection
are shown in the appendix. For all redshift and mass bins,
both the KS and Kuiper test results almost always give
a probability > 80% that field and groups size ratios are
drawn from the same distribution even when considering
only group members with PMEM > 0.5 and close to the
group center.
Recent works at similar redshifts have found that
galaxy size evolution depends on environment. Cooper et al.
(2011a) find indeed that denser environments at z < 1
tend to be populated by larger galaxies. Differences with
this work can come from the way environment is measured
and/or how galaxy selection is performed. Cooper and col-
laborators selection is indeed based exclusively on the Se´rsic
index, which as shown in Fig. 7 leads to the inclusion of some
star-forming galaxies which tend to increase the scatter of
the field population. As a matter of fact, we find that KS
and Kuiper tests applied to the size distributions of group
and field galaxies selected on the basis of the Se´rsic index do
show that the distributions have probabilities < 50% to be
drawn from the same distributions. However, median sizes
do not change significantly so this fact cannot fully explain
the difference between the two works. Concerning the en-
vironment measurement, we use here the DM halo mass as
primary environment estimator whereas Cooper and collab-
orators use the local density based on neighbors.
3.3.1 BGGs
Brightest group galaxies (BGGs) deserve a particular men-
tion since they have been more studied because of their very
particular position at the center of massive structures and
their high surface brightness which make them easy to detect
and analyze. Current works, though, do not agree about the
BCG size evolution and how BCG sizes compare to those of
field and satellite galaxies.
Based on SDSS data, Bernardi (2009) found that BCGs
are larger than field and satellite galaxies at fixed stellar
mass and that there is a steep evolution of their size from
z ∼ 0.3 to present. The author also argues that minor dry
mergers are the most probable mechanism to explain the
build-up of these objects. Also in the SDSS,Weinmann et al.
(2009) did not find a significant difference between the sizes
of centrals and satellites in groups.
At higher z, Ascaso et al. (2011) find a significant size
evolution from z ∼ 0.6 to present, but do not detect any
evolution in their profile. They interpret this fact as a sig-
nature of feedback instead of merging. (Stott et al. 2011)
studied a sample of high redshift BCGs and found a very
mild evolution of the BCG size from z ∼ 1.
From the modeling point of view, Shankar et al. (2011)
showed that BCGs should evolve much faster than satellite
galaxies.
We use the BGGs definition as the most massive galax-
ies within an NFW scale radius of the X-ray position, from
the George et al. (2011) catalog. Fig. 17 shows the size evo-
lution for passive BGGs and satellite group members with
similar stellar mass (log(M/M⊙ > 11). We find that the two
population evolve in a similar way within the error bars, e.g.
we do not observe significant differences in the size evolu-
tion of BCGs as compared to satellite group members with
similar stellar mass.
4 DISCUSSION
To understand why not all populations evolve in the same
way, we consider different scenarios of galaxy growth. There
are two main, well distinct, physical mechanisms proposed
so far in the literature to puff up massive bulges from high
redshifts to the local Universe: galaxy mergers and mass loss
via quasar and/or stellar wind.
4.1 Mergers
Hierarchical models of structure formation envisage the
growth in size of massive galaxies via a sequence of major
and minor mergers. While (mainly gas-rich) major mergers
are believed to happen at high redshifts and may be re-
sponsible for forming the galaxy, minor dry merger happen
on cosmological timescales and tend to impact mainly the
external regions of the galaxy, thus increasing its size, but
leaving its inner regions mostly unaltered.
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Figure 14. Mass-normalized radius for quiescent ETGs in different environments for galaxies with masses log(M/M⊙) > 10.7, as a
function of redshift. Filled circles are ETGs living in groups and empty circles are in the field. The left panel shows all group members
within r < R200C and a probability to be in the group larger than 0.5 and the right shows the result with a more conservative group
selection, i.e. r < 0.5×R200C and PMEM > 0.5. Dashed line shows Cimatti et al. (2012) fit, dotted-dashed line is Newman et al. (2012)
and dotted line is Damjanov et al. (2011). Samples selected using the Se´rsic index tend to show larger sizes, because of the contamination
from passive spirals, which is larger in field samples. However, these differences are within 1σ.
In this work we consider the predictions of several,
representative, hierarchical galaxy evolution models that
differ in terms of underlying techniques and physical as-
sumptions. We adopt, more precisely, Bower et al. (2006),
Hopkins et al. (2009), Guo et al. (2010) and Shankar et al.
(2011). All model predictions have been computed for the
range of stellar masses 2 and galaxy type of interest to this
paper. We mainly considered galaxies with B/T > 0.5 when
comparing to early-type galaxies (though we checked that
our results are practically unchanged when restricting to
B/T > 0.7), and galaxies with 0.3 < B/T < 0.7 when com-
paring to S0s.
Both the Bower et al. (2006) and Guo et al. (2010)
models follow the hierarchical growth of galaxies along the
merger trees of the Millennium simulation (Springel et al.
2005). Galaxy progenitors are initially disk-like and after a
major merger the remnant is considered to be an elliptical
(though disk regrowth can happen). Minor mergers instead
tend to preserve the initial morphology of the most mas-
sive progenitor but tend to increase the mass of the bulge
and disk components via the aggregation of old stars and
newly formed ones during the merger. Half-mass sizes are
then updated at each merger event assuming energy conser-
vation. Despite being built on the same dark matter simu-
lation, the subhalo/galaxy merger rates of these two models
differ due to the different corrections in dynamical friction
timescales. In both models, bulges can also grow via disk in-
stabilities. However, the implementation of the latter phys-
ical ingredient substantially differs in the two models, with
Bower et al. (2006) assuming a much stronger bulge growth
via disk instabilities with respect to the Guo et al. (2010)
2 All predictions have been corrected to a common Chabrier IMF.
We however expect differences in the IMF to have a minor impact
on the rate of size evolution of massive spheroids.
model (see discussion in Shankar et al. 2012). Most impor-
tantly for size evolution, both models do not consider gas
dissipation during gas-rich major mergers, a feature that has
instead been included by Shankar et al. (2011) by properly
adapting the Guo et al. (2010) model. The Hopkins et al.
(2009) model follows the analytic mass accretion histories
of haloes and at each time step initializes central galaxies
and infalling satellites according to empirical correlations
inspired by halo occupation techniques and high-redshift
data. Equivalently to the models discussed above, at each
merger the half-mass radius is updated following energy
conservation arguments, with also gas dissipation (see also
Nipoti et al. 2012 for a more recent work adopting simi-
lar techniques). Hopkins et al. (2009) have mainly focused
on early-type galaxies (not lenticulars) with stellar masses
above M∗ > 10
10M⊙.
4.1.1 The Size Growth of Ellipticals compared to model
predictions
In Figs. 18, we compare our results with predictions from
Shankar et al. (2011), Bower et al. (2006) and Guo et al.
(2010). For ellipticals, we focus here on the lowest and high-
est stellar mass bins of fig 13, where the differences are
stronger (i.e. 10.5 < log(M/M⊙) < 11 and log(M/M⊙) >
11.2). The first relevant feature arising from the comparison
is that most of the theoretical predictions are in agreement
with the (mild) size evolution of ETG galaxies with stellar
masses M∗ < 10
11 (left panel of Fig. 18) (specially taking
into account the uncertainties due to morphological classifi-
cations). Merger models are therefore successful to predict
the size evolution of these lower mass ellipticals.
More interestingly, despite the significant variance in
the input parameters and/or physics most merger mod-
els seem to be unable to reproduce completely the fast
c© 2002 RAS, MNRAS 000, 1–??
The evolution of the mass–size relation for early type galaxies from z ∼ 1 to the present: dependence on environment, mass–range and detailed morphology 19
Figure 15. Evolution of the size of galaxies from our sample as a function of redshift referred to the local relation from SDSS (see
text for details). Filled circles are group galaxies and empty squares are from the field. Error bars are related to the scatter of the size
distribution (see text) and numbers indicate the number of galaxies in each redshift bin in the group sample.
drop in sizes for quiescent ellipticals with stellar masses
Log(M∗/M⊙) > 11.2, especially at z > 0.5 (right panel
of Fig. 18). This is in line, and further complements, the
recent claims of a possible inefficiency of the puffing-up via
mergers pointed out by Shankar et al. (2011), Cimatti et al.
(2012), and Nipoti et al. (2012). Notice that in this stellar
mass bin, the contribution of S0 galaxies is almost negligible
(see fig. 13), so a similar behavior is found when selecting all
ETGs with log(M∗/M⊙) > 11.2 and should be independent
of the morphological selection.
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Figure 16. Size ratio distributions of group (filled histograms) and field galaxies (empty histograms) for different sample selections and
different redshift and stellar mass ranges. The red dashed vertical line indicates a size ratio of 1. Each column shows a different redshift
bin (0.2 < z < 0.5, 0.5 < z < 0.8 and 0.8 < z < 1.1 from left to right). Each row shows a different morphology and mass selection as
explained in the text.
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Figure 17. Size evolution of BCGs (filled circles) compared to satellite group members with log(M/M⊙) > 11 (empty circles). Numbers
show the number of BCGs in each bin.
Figure 18. Size evolution of elliptical passive galaxies in two mass bins. Left panel: 10.7 < log(M/M⊙) < 11, right panel: log(M/M⊙) >
11.2. Numbers indicate the number of objects in each redshift bin. Error bars are the scatter of the distributions. The different lines (see
legend) show the prediction from different semi-analytic and empirical models (see text for details).
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Redshift log(M/M⊙) Sample K-S Kuiper Ngroup Nfield
0.2 < z < 0.5 10.5-11 Pall–1 0.95 0.99 68 36
Pall–2 0.85 0.97 33 36
PEs–1 0.98 0.98 35 17
PEs–2 0.34 0.51 17 17
PS0s–1 0.75 0.96 33 19
PS0s–2 – – 6 19
11-12 Pall–1 0.99 0.97 38 16
Pall–2 0.99 0.99 22 16
PEs–1 0.99 0.99 30 13
PEs–2 0.99 0.99 17 13
PS0s–1 – – 8 3
PS0s–2 – – 1 3
0.5 < z < 0.8 10.5-11 Pall–1 0.43 0.71 47 57
Pall–2 0.12 0.85 19 57
PEs–1 0.92 0.99 15 20
PEs–2 0.40 0.78 7 20
PS0s–1 0.99 0.98 32 37
PS0s–2 – – 6 37
11-12 Pall–1 0.80 0.98 49 39
Pall–2 0.87 0.99 26 39
PEs–1 0.93 0.99 37 23
PEs–2 0.92 0.95 20 23
PS0s–1 0.12 0.15 12 16
PS0s–2 – – 1 16
0.8 < z < 1.0 10.5-11 Pall–1 0.99 0.99 70 82
Pall–2 0.42 0.99 24 82
PEs–1 0.88 0.99 22 24
PEs–2 0.88 0.99 9 24
PS0s–1 0.99 0.99 48 58
PS0s–2 0.88 1.00 10 58
11-12 Pall–1 0.95 0.70 53 89
Pall–2 0.55 0.98 29 89
PEs–1 0.95 0.99 31 51
PEs–2 0.54 0.98 21 51
PS0s–1 0.55 0.91 22 38
PS0s–2 – – 7 38
Table 2. Results of Kuiper and Kolmogorov-Smirnoff statistical tests applied to group and field galaxies size ratio distributions in
different samples (see text for details). Pall stands for all passive galaxies, PEs are passive ellipticals and PS0s passive lenticulars. Ngroup
and Nfield indicate the number of galaxies in the group and field samples respectively. Numbers (1 and 2) indicate if the group sample
is taken at r < R200C (1) or at r < 0.5 × R200C (see text for details). We did not compute the statistical tests when the number of
objects was below 10.
Nipoti et al. (2012) have recently shown the results of
a merger model initialized via halo occupation techniques
that, by neglecting dissipative processes and assuming only
mergers with spheroids, maximizes the evolution in surface
density. They conclude that minor and major mergers may
not be sufficient to explain the observed size growth of early
type galaxies (see also Lo´pez-Sanjuan et al. 2012). An other
work where the size growth since z ∼ 1 is explained almost
completely by mergers (Newman et al. 2012) has to assume
very short merger time scales (1 Gyr) and steep growth effi-
ciency, optimistic with respect to observations (notice in ad-
dition that the size evolution they measure is less steep than
the one reported here though, because of the selection used,
as shown in sections 3.1 and 3.2). Oser et al. (2012) have re-
cently analyzed 40 cosmological re-simulations of individual
massive galaxies with finalM∗ > 6.3×10
10M⊙, out of which
25 appear quiescent early-type galaxies. While they claim a
strong size evolution in the cumulative distribution of galax-
ies with present stellar mass M∗ > 6.3 × 10
10M⊙, a close
inspection of their Figure 1 (left panel) reveals that galaxies
above M∗ > 2× 10
11M⊙ have indeed had a rather mild size
evolution at fixed stellar mass of about ∼ 30−40% at z < 1.
Nevertheless, this may not necessarily reflect a failure of hi-
erarchical models, as part of the discrepancy could simply
arise from the specific underlying assumptions made. For
example, the early semi-analytic model by Khochfar & Silk
(2006) predicts a stronger size evolution for the very massive
galaxies with M∗ > 5× 10
11×M⊙, in better agreement with
observations.
Overall, most merger models have some difficulties in
fully reproducing the size evolution of the most massive
early-type galaxies. Part of the apparent evolution in sizes
may be driven by relatively younger larger galaxies formed
at later epochs (progenitor bias) even if the relevance of
this effect is still unclear. A recent empirical model by
Lo´pez-Sanjuan et al. (2012), based on merger observations
in the COSMOS field, shows in fact that taking into consid-
eration major and minor mergers observed in COSMOS can
explain ∼ 55% of the size evolution of massive (> 1011M⊙)
ETGs. If the progenitor bias of massive ETGs accounts for
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Figure 19. Median Se´rsic index evolution for elliptical galaxies in the mass range 11.2 < log(M/M⊙) < 12. The local point comes from
the Se´rsic decompositions of Simard et al. (2011) on visually classified ellipticals by Nair & Abraham (2010).
a factor 1.25, this work can explain ∼ 75% of the size evo-
lution. We also show, for completeness, in figure 18 the ex-
pected evolution taking into account this effect from that
work (notice however that the selection in terms of mor-
phology and star-formation is not exactly the same than
the one used in this work). However, Whitaker et al. (2012)
showed that the recently quenched galaxies at 1 < z < 2 are
not significantly larger than their older counterparts, sug-
gesting that the effect of the so called progenitor bias is lim-
ited. Moreover, fig. 11 also shows that the number densities
(fractions) of massive ellipticals do not evolve significantly
from z ∼ 1, pointing again towards a reduced effect of newly
formed galaxies.
There are also other possible tensions between merger
models and current observations. A puffing-up of the exter-
nal regions with no inner density variation as suggested by
mergers (e.g., Naab et al. 2009), naturally produces an in-
crease in the Se´rsic index n of an ideally light profile fitted
to the projected density profile. In Fig. 19, we plot the me-
dian Se´rsic index for massive elliptical galaxies. The median
Se´rsic index of the overall population does not evolve since
z ∼ 1. These results are in possible tension with this predic-
tion (similar conclusions were found by Stott et al. (2011)
for instance).
Another prediction of merger models is that galaxies
residing at the centre of more massive haloes should, at
fixed stellar mass, experience more mergers and thus be
larger than their counterparts in less massive haloes , at
least above Mh > 5× 10
12M⊙, according to the analysis of
Shankar et al. (2011). The latter, in fact, showed that BCGs
should evolve much faster at z < 2, and also end up being
larger than other galaxies of similar mass. We do not observe
this trend.
4.1.2 Environmental dependencies compared to model
predictions
Concerning the dependence of galaxy sizes and their evolu-
tion on environment, we compare our observations to pre-
dictions from Shankar et al. (2012) in figure 20. We plot
the mass–normalized radius as a function of halo mass
for two redshift bins from COSMOS (0.5 < z < 0.8 and
0.8 < z < 1.0), as well as for the local Universe from SDSS,
for two mass ranges. All radii are shown in units of the
mass–normalized radius measured in the field. Uncertainties
in the observations have been calculated by bootstrapping
1000 times and recomputing the median of the distribution
each time, as in all previously shown plots.
As discussed in Section 3 and summarized in Figs. 15, 14
and 20, our COSMOS analysis does not show any signifi-
cant dependence of median galaxy size on large-scale envi-
ronment, e.g., galaxy sizes have similar medians in the field
and in the groups. We observe the same in the SDSS sample,
comparing measurements in galaxy groups from Yang et al.
(2007) with the field.
The top panels of figure 20 compares observations to
model predictions with no accounting for our sample size
and observational uncertainties. In this case, the Shankar et
al. (2012) model predicts that our most massive halos should
have mass-normalized radii of close to twice that of the field.
The middle and lower panels demonstrate that this
strong difference is diluted when taking into account un-
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certainties intrinsic to our sample: the number of galaxies in
each bin, the uncertainty due to photometric redshift esti-
mation, and that on the estimate of the halo mass. In the
middle panel, to properly compare observations with model
predictions at each redshift and halo mass interval of inter-
est, we perform 1000 Monte Carlo realizations in which we
draw subsamples of galaxies from the Shankar et al. (2011)
catalog with numbers equal to those in the SDSS and COS-
MOS samples. Galaxies are selected to have B/T > 0.5 and
to share the same stellar and halo mass intervals as in the
observations, and sizes have been normalized to the local
mass-size relation Shankar et al. (2011). To each mock sub-
sample we substitute 30% (when comparing to COSMOS,
George et al. 2011) and 20% (when comparing to SDSS,
Yang et al. 2007) of members with galaxies of the same stel-
lar mass residing in the halo bin with the lowest mass in
order to mimic contamination from the field (e.g. because of
photometric redshift uncertainties). As expected, this tends
to reduce the increase of mean size with halo mass by up
to 20%. For each Monte Carlo realization, we compute the
mean and then extract, from the full distribution of means,
the final mean and its 1-sigma error. In the lower panel,
we add the further uncertainty due to halo mass estima-
tion. We included in the simulations a Gaussian scatter of
0.3 dex width to reproduce the average uncertainties in the
halo mass (Yang et al. 2007; Leauthaud et al. 2010).
When taking into account all these sources of uncertain-
ties (lower panels of figure 20), the model predicts a much
smaller difference in size between the most massive halos
and the field. Even if the trend observed in the upper pan-
els still holds, when comparing our results obtained with
COSMOS to the model, they are consistent at 1σ, i.e., the
mass-normalized radius does not depend on environment.
However, the larger SDSS sample shows that the model pre-
dicts sizes in groups to be about 1.5 times larger than those
in the field, at variance with the observations at more that
3 σ. In future work, we will investigate if this result is spe-
cific to the particular model we consider (Shankar et al., in
preparation) and/or to the observational data we have used
(Huertas–Company et al., in preparation).
4.1.3 The Size Growth of Lenticulars compared to model
predictions
For what concerns lenticular galaxies (Fig. 21), model galax-
ies have been selected to have 0.4 < B/T < 0.7. For this
range of B/T , disk instabilities also play a non-negligible
role in building bulges (see, e.g., Shankar et al. 2011, and
references therein). Despite the significantly different proce-
dures to grow bulges in the models, from mild instabilities
(Guo et al. 2010) to violent ones (Bower et al. 2006), the
result in the median size evolution is similar to the ellip-
tical results. It is interesting to note that, analogously to
what inferred with respect to more bulge dominated galax-
ies, hierarchical models are able to reproduce the trend in
size evolution for lenticulars below M∗ < 10
11M⊙, but they
tend to predict a shallower evolution above this mass.
4.2 Expansion
An alternative model for efficiently puffing up sizes of mas-
sive, early-type galaxies, considers the galaxy expansion con-
sequent to significant mass loss via quasar and/or stellar
winds (Fan et al. 2008, 2010; Damjanov et al. 2009). This
model envisages that all massive (M∗ > 3× 10
10M⊙) early-
type galaxies forming at z > 1 went through a rapid expul-
sion of large amounts of mass, possibly caused by a powerful
quasar wind, that caused the galaxy to expand. Numerical
experiments in favor of this physical scenario have been per-
formed by Ragone-Figueroa & Granato (2011), who showed
that even in the presence of large amounts of dark matter,
massive galaxies can significantly expand their sizes by a
factor approximately proportional to the fraction of mass
loss. Fan et al. (2008) predict that most of the size evolu-
tion for the massive spheroidal galaxies should be delayed
with respect to the peak of quasar activity by about 0.5-1
Gyr. The model also predicts a milder and possibly longer
size evolution for early-type galaxies with stellar mass below
M∗ < 2× 10
10M⊙, for which the dominant energy input in
the interstellar medium comes from supernovae explosions.
Clearly, the typical evolutionary timescales to fully
evolve a galaxy onto the local size-mass relation in the
Fan et al. (2010) model are in general quite shorter than
the cosmological ones required by a merger scenario. While
a fast evolution in the size growth of massive ellipticals is
supported by our data, their model predicts strong size evo-
lution mainly at z > 1, while our data show strong size
evolution also at z < 1, at least for massive ellipticals.
Fan et al. (2010) also point out that a fast size evolu-
tion necessarily should lead to the co-existence of large and
compact quiescent galaxies at any redshift z > 1, and thus
a large dispersion up to a factor of < 5 − 6 in the size dis-
tribution at fixed stellar mass. The dispersion should then
significantly reduce below z < 1, as most of the galaxies
should be already evolved and their formation rate, which
parallels the one of quasars peaking at z = 2 (Lapi et al.
2006), should progressively drop at late times (see their Fig.
1). The dispersion in sizes for quiescent, massive early-type
galaxies that we measure from COSMOS seems instead to
be rather contained, within a factor of two at fixed redshift
and stellar mass. We also note, however, that our lower mass,
quiescent ETG that have larger sizes might be, at least in
part, be composed by the population of high–redshift, al-
ready evolved early-type galaxies predicted by Lapi et al.
(2006).
The expansion model predicts that compact galaxies
should be relatively young at the time of observation, being
close to their formation epoch because the size evolution
occurs only∼ 20 Myr after the expulsion via quasar feedback
(Ragone-Figueroa & Granato 2011). This may be possibly
at variance with the rather old ages that usually characterize
massive ellipticals (see also Trujillo et al. 2011 for similar
considerations based on observations).
On the other hand, Ragone-Figueroa & Granato (2011)
also found in their numerical tests that the galaxy mass
profiles should not change after the blow-out, if the mass
loss is contained to a factor of two or so. This might explain
the nearly constancy with redshift of the Se´rsic index in
our sample. Also, being galaxy expansion an in-situ physical
mechanism, it should be largely independent of environment,
as suggested by our data (Figs. 15 and 20).
In summary, while merger models can explain most of
the size growth size z ∼ 1, we find evidence that both pro-
posed scenarios (mergers and mass loss via quasar and/or
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Figure 20. Size of elliptical galaxies as a function of halo mass for different redshift bins. Red diamonds are objects with 0.8 < z < 1.0,
orange squares are 0.5 < z < 0.8. The black dashed-dotted line, the orange dashed line and the red dashed-three dotted line show the
expected relation from Shankar et al. (2011) models at z = 0, z = 0.5 and z = 1. Values from models have been normalized so that, by
definition, the field observed value at an halo mass of log(Mh/M⊙) = 12.8−13 is equal to 1. The solid black line and the filled squares are
the values measured from the SDSS and the group catalog from Yang et al. (2007). First row shows model prediction without errors, the
second row shows results when the number of objects in models are selected to match the observations and ∼ 30% field contaminations
are included, finally the third row also includes a 30% error in halo mass. Errors in models and observations are errors on the median
values computed through bootstrapping (see text for details).
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stellar winds) suffer from some shortcomings with respect
to our results and more advances in modeling are clearly
needed to deeply understand how the two different scenario
shape the galaxy size evolution.
5 SUMMARY AND CONCLUSIONS
We have studied a sample of 3146 group galaxies and 3760
field galaxies from the COSMOS survey, and selected 298
group and 384 field galaxies as passive galaxies (based on
their M(NUV)-M(R) dust corrected rest-frame color) with
log(M/M⊙) > 10.5. We show, for the first time, how the
mass-size relation and size growth depend on the detailed
morphology of the quiescent population (mainly ellipticals
and lenticulars) as well as on large-scale environment defined
by the dark matter halo mass.
Our main results are:
(i) A detailed morphological dissection of the passive pop-
ulation up to z ∼ 1 reveals that:
• About 80% of all passive galaxies have an early-type
morphology at all stellar masses and at all redshifts from
z ∼ 1. The remaining 20% are essentially early-type spi-
rals.
• Early–type galaxies are both ellipticals and S0s. At
all redshifts up to z ∼ 1, elliptical galaxies dominate
the ETG population at masses log(M/M⊙) > 11 − 11.2.
At z < 0.5, galaxies with masses log(M/M⊙) < 11 are
around half ellipticals and half lenticular, while lenticulars
dominate the low–mass fractions at z > 0.5. An impor-
tant fraction of group and field low-mass passive galaxies
in the redshift range 0.5 < z < 1 are lenticular galaxies,
e.g. have a disk component (see also Bundy et al. 2010,
Mei et al. 2012)
Therefore, studying the population of passive galaxies as
a whole mixes different morphological populations which
do not necessarily share the same evolutions.
(ii) When separating the ellipticals from the lenticulars,
we show that galaxy size evolution strongly depends on mass
range and ETG morphology:
• Massive ellipticals (log(M∗/M⊙) > 11.2) do experi-
ence a very strong size evolution from z ∼ 1 to present
(re ∝ (1 + z)
−0.98±0.18). Even though the trend is some-
how steeper than the one predicted by most of published
semi-analytical models, minor dry mergers remain the
most plausible explanation to the expansion. However, the
Se´rsic index of this population is not significantly evolv-
ing with time as expected from hierarchical models. We
cannot exclude from our data that expansion via feed-
back might also play a role on the size evolution of this
population.
• Less massive ellipticals (10.5 < log(M∗/M⊙) < 11)
do not evolve much from z ∼ 1 (from ∼ 10% to ∼ 30%
depending on which morphological classification we use).
This behavior is well reproduced by most of current semi-
analytic models from which the size growth is mainly due
to major and minor mergers.
• The evolution observed in the lenticular population
does not change significantly with stellar mass and they
do show a size growth of 55% ± 10% since z = 1.
(iii) Finally, we studied environmental effects on the size
evolution by dividing our sample into field and group galax-
ies:
• We do not detect any significant evidence that
the evolution of field and group galaxies (13 <
log(Mh/M⊙) < 14.2) with stellar masses log(M∗/M⊙) >
11.2 are different. This is observed both in the local
Universe, when comparing SDSS groups from Yang et al.
(2007) with field galaxies, and in our COSMOS group and
field samples. This is also true for massive central ellip-
ticals, where models clearly predict a major impact from
mergers Shankar et al. (2011) .
This result is at variance with predictions from the stan-
dard hierarchical model (e.g., from Shankar et al. (2011)
), which predicts instead that the mass-normalized radius
in our group mass range should be ≈ 2 times larger than
in the field. When taking into account uncertainties due
our sample size, photometric redshift estimates and halo
masses, this prediction remains, although the effect is re-
duced where our galaxy sample size is limited. Model pre-
dictions are consistent with our COSMOS results at 1 σ,
mainly because of the sample size. However, for our SDSS
sample, the difference between the observed and predicted
mass-normalized radii is at variance at > 3σ. While the
observations do not show any dependence of the mass-
normalized radius with environment, the Shankar et al.
(2012) predicts that galaxy mass-normalized radii over
our group mass range should be ∼ 1.5 larger than that
in the field. In future work, we will investigate the de-
pendence of this result on the specific model (Shankar et
al., in preparation) and on the properties of SDSS sample
(Huertas–Comany et al., in preparation) used here.
• BGGs and satellite galaxies of similar stellar mass
(log(M∗/M⊙) > 11) evolve in a similar way. This is in
disagreement with hierarchical models, that also predict
a difference between centrals and satellites living in ha-
los with similar masses than our groups (log(M∗/M⊙) ∼
13.4−13.6). In fact, Shankar et al. (2011) has shown that
galaxies residing at the centre of more massive haloes
should, at fixed stellar mass, experience more mergers
and thus be larger than their counterparts in less mas-
sive haloes.
Future work will involve a detailed detailed discussion
of environmental effects on models (Shankar et al. 2012, in
prep) as well as an extension to higher redshifts by studying
the sizes of ETGs in distant clusters of galaxies (Delaye et
al. 2012, in prep).
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Figure 21. Size evolution of lenticular passive galaxies in two mass bins. Left panel: 10.5 < log(M/M⊙) < 11, right panel: log(M/M⊙) >
11.0. Numbers indicate the number of objects in each redshift bin. Error bars are the scatter of the distributions. The red dotted line in
the left panel indicates the median evolution of star-forming disks in our sample divided by a factor of 1.3 to reach the same normalization.
The other lines (see legend) show the prediction from different semi-analytic models (see text for details).
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APPENDIX A: VISUAL MORPHOLOGICAL
CLASSIFICATIONS
Some results presented in this paper are based on an auto-
mated morphological classification of galaxies at high red-
shift. Despite of the extensive tests performed to properly
assess the accuracy of our classification, the separation of
ellipticals from lenticulars might still remain a challenge. In
this appendix, we want to make sure that our results do not
change while using an alternative classical visual classifica-
tion. Two of us (SM and MHC) performed independent de-
tailed visual classifications of all passive galaxies previously
selected as early-type by galSVM (we assume that the sepa-
ration between early and late is good enough). SM classified
galaxies into three morphological classes (Ellipticals, Lentic-
ulars and early-spirals) while MHC followed a slightly differ-
ent criterion and separated galaxies into two classes (disk,
no disk). In Figs. A2 and A3 we reproduce figures 12 and 13
of the main text using the 3 morphological classifications (2
visual and 1 automated). While there are some differences
between the three estimates, the main trends discussed in
the text do hold and the results are consistent within the er-
ror bars. This confirms that our morphological classification
is robust and that the major results presented in the paper
are not biased by the automated classification. Most of the
differences between visual and automated classifications are
seen in the low mass elliptical population for which visual
classifications show a steeper evolution than that estimated
while using an automated classification. When the evolution
of low mass ellipticals is compared to their massive counter-
part, it is still less steep as discussed in section 3.2.1 and
shown in table A1.
APPENDIX B: ENVIRONMENT AND GALAXY
SELECTION
We include here the equivalent of Fig. 16 but only with
galaxies having a probability PMEM > 0.8 to be a group
member and being at a distance d < 0.5×R200 of the cluster
center. Our results do not change and remain basically the
same as the ones shown in table 2. The size distribution in
mass and redshift bins does not depend on environment.
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Figure A1. Morphological fractions of passive galaxies as a function of stellar mass and redshift using the visual morphological clas-
sifications by MHC (solid lines) and SM (dotted-dashed lines). For MHC: red solid lines are ellipticals and blue are galaxies with an
observed disk component. For SM: green lines are Sas, cyan lines are S0s and red lines are ellipticals. The dashed-dotted blue line shows
the fraction of galaxies with an observed disk component (S0s+Sas). The uncertainties are calculated following Gehrels (1986; see Section
3 for binomial statistics; see also Mei et al. 2009). These approximations apply even when ratios of different events are calculated from
small numbers, and yield the lower and upper limits of a binomial distribution within the 84% confidence limit, corresponding to 1σ.
Stellar mass bin Morphology α
10.5 < log(M/M⊙) < 11 galSVM 0.34± 0.17
MHC 0.52± 0.23
SM 0.59± 0.27
11 < log(M/M⊙) < 11.2 galSVM 0.63± 0.21
MHC 0.85± 0.22
SM 0.61± 0.23
11.2 < log(M/M⊙) < 12 galSVM 0.98± 0.21
MHC 0.94± 0.21
SM 0.95± 0.21
Table A1. α values parameterizing the size evolution of ellipticals (re ∝ (1 + z)−α) in three mass bins obtained using three different
morphological classifications.
.
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Figure A2. Size evolution of passive ellipticals (top row) and S0s (bottom row) in two different mass bins using three different mor-
phological classifications (see text for details). Empty circles show the automated classification from galSVM, squares are the visual
classification from SM and triangles indicate are obtained with the visual classification of MHC.
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Figure A3. Size evolution of elliptical (left column) passive galaxies in three mass bins using three different morphological classifications
(see text for details). Empty circles show the automated classification from galSVM, squares are the visual classification from SM
and triangles indicate are obtained with the visual classification of MHC. Top row: 10.5 < log(M/M⊙) < 11, middle row: 11.0 <
log(M/M⊙) > 11.2 and bottom row: 11.2 < log(M/M⊙) > 12. Numbers indicate the number of objects in each redshift bin. Error bars
are the scatter of the distributions.
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Figure B1. Same as figure 16 but only for galaxies having a probability PMEM > 0.8 to be a group member and being at a distance
d < 0.5× R200 of the cluster center. Wherever only one histogram is shown it is because there are too few objects in that bin.
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